Introduction
============

Messenger RNA is an intermediate carrier of genetic information that is used by organisms as template for protein expression. Thus, mRNA may also serve as a tool for the expression of proteins of interest by introducing exogenous molecules into target cells. This concept was first put to the test in the early 1970s by microinjecting RNA preparations into Xenopus oocytes, demonstrating the synthesis of RNA-encoded proteins.^[@bib1],[@bib2]^ Meanwhile, loading of dendritic cells with antigen-encoding mRNA, described for the first time by Gilboa and colleagues, became a widely applied immunological approach.^[@bib3]^

In the early 1990s, first studies demonstrated that exogenous mRNA can be used to direct protein expression *in vivo*. After local injection of various mRNAs into mouse muscle led to detectable protein levels, the treatment of vasopressin-deficient rats provided first evidence for mRNA as a potential therapeutic.^[@bib4],[@bib5],[@bib6]^ However, several RNA structural features have been described as immunostimulatory due to interactions with various RNA sensors such as Toll-like receptors, RIG-I, and PKR.^[@bib7],[@bib8],[@bib9],[@bib10],[@bib11],[@bib12],[@bib13],[@bib14]^ Activation of these receptors provides a danger signal which may interfere with the translational machinery. Whereas this feature could threaten the use of mRNA for protein therapies, immunostimulation may be beneficial for vaccines composed of antigen-encoding mRNA. Indeed, immunization with mRNAs coding for cancer antigens was successfully established and has already entered clinical trials.^[@bib15],[@bib16],[@bib17],[@bib18],[@bib19]^

Analysis of various RNA preparations from bacteria and eukaryotic cells revealed significant differences as to their immunostimulatory properties.^[@bib20]^ Obviously, cytokine secretion by RNA-transfected cells strongly correlated with the extent of nucleoside modifications. Transferring this concept to *in vitro* transcribed mRNA, for instance, pseudouridine-containing mRNAs reduced activation of known RNA sensors substantially.^[@bib20],[@bib21],[@bib22]^ Although pseudouridine is primarily found in tRNA, rRNA, and small nuclear RNAs, pseudouridine-containing mRNAs were still translated and produced even more protein compared to unmodified mRNA.^[@bib22],[@bib23]^ Accordingly, mRNA harboring modified nucleosides was suggested as means of choice for protein expression via mRNA.

Using enhanced green fluorescent protein mRNA, Rossi and colleagues confirmed that nucleoside modifications can strongly enhance protein expression and suppress cytokine secretion.^[@bib24]^ In contrast to previous work, they applied a combination of pseudouridine and 5-methyl-cytidine which outperformed each single modification. As in earlier studies, unmodified nucleotides were completely replaced by their modified counterparts. With such mRNAs, the authors succeeded in reprogramming human cells to pluripotency. The same type of mRNA modification allowed vascular regeneration after myocardial infarction in mice by local expression of VEGF.^[@bib25]^ However, different groups apparently favor different modified nucleosides.^[@bib26]^ Moreover, according to the findings of Kormann *et al*.^[@bib26]^, partially modified mRNA provides the best combination of high expression and low immunostimulation to achieve therapeutic effects in mice.

Two independent studies on erythropoietin-encoding mRNA found a superiority of nucleoside-modified compared to unmodified mRNA.^[@bib26],[@bib27]^ Whereas unmodified Epo mRNA was immunostimulatory and failed to induce sufficient protein expression in mice, a few micrograms of nucleoside-modified mRNA were enough to achieve detectable protein expression and physiological effects upon direct administration to murine muscle.^[@bib26]^ Complexation with TransIT, enabling intraperitoneal injections, reduced the dose threshold of nucleoside-modified mRNA to just a few nanogram in mice.^[@bib27]^ Repeated treatments sustainably increased the hematocrit without any signs of immunostimulation, assessed via interferon-α secretion and anti-EPO antibody generation.^[@bib27]^ In addition, a weight-adjusted mRNA dose enhanced serum levels of erythropoietin in Rhesus macaques.^[@bib27]^ Unfortunately, physiological responses in monkeys were not reported in that study.

These data raised the question whether nucleoside-modification is an inevitable prerequisite for the development of mRNA-based protein therapies. Here, using sequence-engineered mRNA, we demonstrate that unmodified mRNA is fully suited for use in protein therapies. Engineered but chemically unmodified mRNA coding for erythropoietin achieved high systemic protein levels and strong physiological responses *in vivo*. Moreover, immunostimulation of that mRNA was at background levels. In combination with an appropriate formulation, *e.g.*, LNPs designed for systemic administration,^[@bib28]^ sequence-engineered Epo mRNA elicited meaningful physiological responses even in domestic pigs with a weight of 20 kg. Thus, strong evidence is provided that mRNA-based protein therapies are feasible in large animals, paving the way for the development of a novel class of human therapeutics.

Results
=======

Potent protein expression *in vitro* with unmodified mRNA
---------------------------------------------------------

Numerous studies from the early 1990s onwards advocate chemically unmodified mRNA as a suitable and potent means to induce antigen-specific immune responses,^[@bib19],[@bib29],[@bib30],[@bib31],[@bib32],[@bib33],[@bib34]^ thereby indicating that such nucleic acids do give rise to expression of encoded proteins upon *in vivo* delivery. However, it is widely assumed and published that unmodified mRNA is improper for therapeutic purposes due to usually higher protein expression demands compared to vaccination and potentially detrimental immunostimulation. However, the finding that unmodified mRNA gives only very little protein expression contrasts with our experience with sequence-engineered nucleic acids.^[@bib35]^ Hence, we set out to test the notion of unmodified mRNA being appropriate for the expression of therapeutic proteins.

First, we designed a firefly luciferase-encoding mRNA applying a sequence optimization approach which adapts the codon usage and selects the most appropriate regulatory sequences such as 5\' and 3\' untranslated regions in a target and application specific manner. To test for potential additive effects, we also produced nucleoside-modified counterparts of the final sequence. Notably, *in vitro* protein expression revealed very high luciferase activity with the unmodified mRNA, while its nucleoside-modified counterparts gave rise to substantially lower protein levels (**[Figure 1a](#fig1){ref-type="fig"}**). This effect was not specific to luciferase as a similar result was obtained with a sequence-engineered mRNA coding for erythropoietin (**[Figure 1b](#fig1){ref-type="fig"}**). These observations appeared to be in contrast to previous reports demonstrating a superiority of modified mRNA. To exclude any general problems with our protocol for manufacturing nucleoside-modified mRNA and to test whether nucleoside modification interferes specifically with sequence-optimized mRNA, we also utilized a less advanced luciferase mRNA harboring widely used regulatory elements and standard codon optimization. Here, incorporation of pseudouridine showed the previously described superiority regarding protein expression compared to the corresponding unmodified mRNA, albeit at a low expression level (**[Figure 1c](#fig1){ref-type="fig"}**) (*P* \< 0.0001 for all doses, student\'s *t*-test). Finally, comparison to a modified luciferase mRNA from a commercial supplier confirmed the effectiveness of sequence-engineering for which both adaptation of the open reading frame sequence as well as potent regulatory untranslated regions are essential parameters (**Supplementary Figure S1**).

Efficient protein expression and physiological effects *in vivo* with unmodified mRNA
-------------------------------------------------------------------------------------

The *in vitro* data already suggested that sequence-engineering can generate highly potent mRNA without any nucleoside modifications. However, *in vitro* expression data may not faithfully predict *in vivo* features. In order to facilitate a comparison to alternative approaches published in previous studies, we decided to use erythropoietin as our model protein. This model allows an evaluation on the basis of the level of protein expression as well as physiological parameters such as the number of reticulocytes and the hematocrit.

Intraperitoneal administration of TransIT-complexed sequence-engineered mEpo mRNA, either unmodified or harboring pseudouridine instead of uridine, into BALB/c mice confirmed our general in vitro observation of a reduced protein yield from nucleoside-modified mRNA (**[Figure 2a](#fig2){ref-type="fig"}**) (*P* \< 0.0005 at all times, Student\'s *t*-test). A dose-titration revealed that substantial EPO levels could be obtained even with submicrogram quantities of mRNA (**[Figure 2b](#fig2){ref-type="fig"}**). Overall, protein levels were in the range of a previous study utilizing pseudouridine-modified mRNA formulated and administered in the same manner as here.^[@bib27]^ However, our sequence-engineered mRNA gave rise to longer lasting protein expression.

Administration of erythropoietin causes a burst release of reticulocytes representing precursors of mature erythrocytes into the blood stream. Accordingly, the administration of mEpo-encoding mRNA elicited an increase of reticulocyte numbers in mice (**[Figure 3a](#fig3){ref-type="fig"}**). As suggested by protein levels, the sequence-engineered mRNA outperformed its pseudouridine-modified counterpart (*P* \< 0.01, Student\'s *t*-test). All doses down to 10 ng of unmodified mRNA significantly increased reticulocyte numbers (**[Figure 3b](#fig3){ref-type="fig"}**) (*P* \< 0.05 for 10 ng versus untreated, Student\'s *t*-test). Taking into account the lower reticulocyte numbers obtained with 100 U of recombinant EPO protein as well as the lower background levels compared to a recent publication,^[@bib27]^ the physiological effect of administering our engineered Epo mRNA is as strong as that observed with pseudouridine-modified mRNA. Likewise, the strong elevation of the hematocrit, the volume percentage of red blood cells in blood, is comparable with data from that study while effect sizes are largely corresponding to protein and reticulocyte levels (**[Figure 3c](#fig3){ref-type="fig"}**). In summary, these data demonstrate that sequence-engineered, unmodified mRNA is competitive with nucleoside-modified mRNA with respect to protein yield *in vivo*. As *in vitro*, the beneficial properties rely on optimizations of the open reading frame and regulatory sequences (**Supplementary Figure S2**).

Unmodified mRNA allows repeated treatments
------------------------------------------

Beyond efficient protein expression, viable mRNA-based protein therapies should avoid stimulation of the innate immune system. In contrast to mRNA harboring nucleoside modifications, unmodified mRNA is considered to be immunostimulatory, giving rise to the secretion of various cytokines as reported in previous studies.^[@bib24],[@bib25],[@bib26],[@bib27]^ This cytokine release may cause unwanted or even detrimental side effects such as a possibly fatal immune response against the encoded protein and, thus, should be minimized.

Since immunostimulatory unmodified mRNA was shown to harm cells upon consecutive transfections,^[@bib24]^ we first investigated the impact of unmodified and pseudouridine-modified mEpo mRNA on primary human dermal fibroblasts after repeated transfections according to the protocol used by Warren *et al*. These analyses revealed that repeated transfections with mRNA do not require chemical modifications (**Supplementary Figure S3**). To examine to what extent the sequence-engineered, unmodified mRNA elicits any immunostimulation or even anti-EPO immune responses, mice were treated repeatedly with an Epo mRNA dose that gives rise to strong reticulocyte and hematocrit responses. In addition, to force the emergence of side effects, animals were challenged with a 10-fold higher mRNA dose as well. Six hours after the first mRNA treatment, blood samples were collected and the levels of proinflammatory cytokines such as TNF-α, IL-6, and IFN-γ were examined. None of the mice showed any substantial cytokine release upon mRNA administration; all measurements lay within the range observed for the formulation reagent only (which by itself could have some immunostimulatory potential) (**[Figure 4a](#fig4){ref-type="fig"}**). Similar results were obtained after six administrations within 3 weeks, *i.e.*, after a more challenging treatment regime (**[Figure 4b](#fig4){ref-type="fig"}**). Histological and immunohistochemical analyses of the spleen, the main target organ of TransIT-complexed mRNA, did not show any disturbances of its integrity or immune status apart from a splenomegaly due to massive erythropoiesis, probably a direct consequence of mRNA-mediated splenic EPO expression (**Supplementary Figure S4**).

A potential consequence of an inappropriate immunostimulation could be the induction of antibodies specific to the encoded protein which may already occur upon a very weak or just locally restricted cytokine response. Hence, mice that received six intraperitoneal injections of a physiologically effective (0.05 mg/kg) as well as a 10-fold higher (0.5 mg/kg) dose of TransIT-complexed mRNA were analyzed for the emergence of EPO-specific antibodies 4 weeks after the last treatment. At that time, a potential antibody response should be fully developed. However, no anti-EPO antibodies could be detected using an assay with a detection limit of less than 0.1 ng/ml (**[Figure 4c](#fig4){ref-type="fig"}**).

To further corroborate the notion that engineered but unmodified mRNA can serve as a therapeutic, we also investigated EPO expression and corresponding physiological responses upon repeated treatments. To this end, mice received a highly effective dose of TransIT-complexed sequence-engineered mRNA, either unmodified or pseudouridine-modified, every other week. During the treatment period, doses did not lose efficacy with respect to serum EPO levels obtained 24 hours after administration (**[Figure 5a](#fig5){ref-type="fig"}**) (*P* = 0.235 for 1 μg mRNA, analysis of variance). However, as observed earlier, sequence-engineered mRNA elicited higher protein levels than its nucleoside-modified counterpart. Due to the very short half-life of EPO protein in serum and the transient nature of mRNA, all measurements reflect EPO expression in response to the latest treatment only.

In contrast to constant EPO responses, reticulocyte responses to sequential injections declined to some extent over time (**[Figure 5b](#fig5){ref-type="fig"}**). This effect was observed for both unmodified and modified mRNA but not with recombinant protein which, however, did not induce strong biological effects and was probably not delivered to the spleen due to the lack of a TransIT formulation. Whereas reticulocyte responses became more severely attenuated with more frequent administrations, temporary pausing of treatment led to a recovery of the reticulocyte response (**Supplementary Figure S5**). As opposed to mice receiving murine recombinant EPO protein, mRNA-injected animals were characterized by strongly elevated hematocrits (*P* \< 0.01 for 1 μg versus untreated on all days, Student\'s *t*-test) as well as erythropoiesis induced splenomegaly in the absence of any other disturbances of the spleen (**[Figure 5c](#fig5){ref-type="fig"}** and **Supplementary Figure S4**). Moreover, more frequent administration of recombinant EPO appeared to also slightly suppress the extent of the reticulocyte response over time (**Supplementary Figure S5**). In summary, the attenuation of the reticulocyte response appears to be due to physiological control mechanisms or limitations of erythropoiesis upon excessive EPO availability rather than side effects of the mRNA-based protein therapy. Concerning this matter, no differences could be observed between sequence-engineered, unmodified mRNA and its pseudouridine-modified counterpart.

Engineered mRNA causes relevant effects in large animals
--------------------------------------------------------

Having demonstrated that protein therapies on the basis of unmodified, sequence-engineered mRNA are in principle feasible in mice, we next asked whether such approaches can also offer therapeutic opportunities in large animals. Particularly for systemically acting proteins, the effective dose will be a function of animal size. It has yet to be shown that meaningful expression levels can be obtained in animals close to humans in weight with a feasible mRNA dose. Therefore, pigs with a weight of about 20 kg were treated with a weight-adjusted dose similar to that in mice. To this end, we applied a LNP formulation^[@bib28]^ that, compared to TransIT complexes, offers a more clinically acceptable intravenous route of administration as well as the possibility of much higher mRNA doses if required. A single intravenous dose of sequence-engineered, unmodified mRNA (0.065 mg/kg) encapsulated in LNPs resulted in very high serum EPO levels (**[Figure 6a](#fig6){ref-type="fig"}**). As a consequence, reticulocyte numbers were strongly increased and animals showed a substantial and sustained elevation of the hematocrit (*P* \< 0.05 for day 12 versus pretreatment, Student\'s *t*-test) (**[Figure 6a](#fig6){ref-type="fig"}**).

Finally, triggered by negative experiences of others with DNA-based approaches in humans and monkeys we analyzed the effect of unmodified Epo mRNA encapsulated in LNPs in cynomolgus monkeys. Animals received a single intravenous injection of a weight-adjusted dose (0.037 mg/kg) similar to that in mice. As observed in pigs, nonhuman primates revealed a considerable increase of serum EPO levels and reticulocyte counts as well as a meaningful raise of the hematocrit (increase for each individual from pretreatment to 96 hours after treatment; *P* \< 0.05 for 96 hours versus pretreatment, Student\'s *t*-test) while there was no detectable cytokine release upon treatment (**[Figure 6b](#fig6){ref-type="fig"}** and **Supplementary Figure S6**).

Discussion
==========

For the first time, the present study demonstrates that mRNA can give rise to therapeutically relevant protein levels in large animals. This advance was accomplished employing sequence-optimized, unmodified mRNA. Although high performance liquid chromatography (HPLC) purification depletes contaminants and, thus, contributes to reduced immunostimulation as well as improves mRNA expression to some extent,^[@bib36],[@bib37],[@bib38]^ the lack of biological efficacy of HPLC-purified basic Epo mRNA highlights the importance and potency of sequence-engineering. Further, strong evidence is provided that such an mRNA does not cause inappropriate immunostimulation. This data together with recently published studies in mice substantiates the vision that mRNA approaches can revolutionize the field of protein-based therapies. Our work principally confirms that conventional unmodified mRNAs are inferior to molecules harboring specific nucleoside modifications as suggested by various recent reports,^[@bib23],[@bib24],[@bib25],[@bib26],[@bib27]^ however, the picture changes dramatically with a sophisticated sequence-engineering.

Using a common model protein, erythropoietin, as well as a formulation reagent and an administration route that were previously applied to state-of-the-art pseudouridine mRNA, our data suggest that sequence-engineered mRNA is competitive with modified mRNA with respect to protein yield and physiological efficacy.^[@bib27]^ Interestingly, as being attributed to nucleoside-modified mRNA, engineered mRNA neither induced substantial cytokine release nor elicited a protein-specific antibody response. Accordingly, the effects of a continued treatment of mice did not differ qualitatively between a sequence-engineered Epo mRNA and its pseudouridine-modified counterpart.

In contrast to findings by other groups, introducing nucleoside modifications was always detrimental to protein expression when applied to sequence-engineered mRNA. Part of the engineering process is the identification of optimal regulatory sequences outside of the open reading frame. Interestingly, choosing less effective sequences appears to dampen the negative effect of chemical modifications (**Supplementary Figure S7a**), suggesting an interference between chemical modifications and regulatory RNA elements. In addition, nucleoside modifications are well known to limit or even inhibit RNA sensor engagement.^[@bib20],[@bib21],[@bib22]^ Combining these observations, it seems reasonable that modifications lead to a general weakening of protein-mRNA interactions. In line with this, we found that the incorporation of modified nucleosides such as pseudouridine impairs the function of internal ribosome entry site (IRES) elements (**Supplementary Figure S7b**). Collectively, this may imply that mRNAs harboring chemically modified nucleosides may be subject to much stronger limitations of maximum translation efficacy than solutions solely based on sequence-engineering due to a reduced activity or even inactivity of regulatory sequences in the presence of modifications.

As demonstrated, protein therapies based on sequence-engineered mRNA are characterized by a very good transferability between species. Simple body weight adjustments of the dose, *i.e.*, similar doses per kg, were sufficient to gain substantial physiological effects in small to large animals. In healthy volunteers as well as anemic patients with chronic kidney disease, a dose of recombinant erythropoietin of about 600 IU/kg (which appears to be among the highest usually applied in clinical settings) led to maximum serum EPO levels of about 1,000 mIU/ml and an increase of the percentage of reticulocytes of about 2.^[@bib39],[@bib40]^ These values are very much in line with those we obtained in nonhuman primates following intravenous administration of a reasonable dose of mRNA encapsulated in LNPs designed for hepatic delivery of nucleic acid therapeutics.^[@bib41]^ Thus, the present study provides the first evidence that mRNA treatments can achieve meaningful biological effects in primates as well as the first proof of mRNA-based therapies being feasible in large animals, even for systemically acting proteins.

While local administrations may be possible without the need for an mRNA delivery system,^[@bib26],[@bib42]^ a protective formulation will be mandatory for systemic delivery due to the ubiquity and abundance of RNases. The present data suggest that an effective unmodified mRNA is not dependent on a specific formulation. However, formulations differ with respect to their characteristics and have probably to be selected on a case-by-case basis. Regarding erythropoietin expression in pigs, the intravenously administered LNP-formulation of engineered mRNA appeared to be more effective than intraperitoneally injected TransIT-complexes. Nevertheless, even a weight-adjusted dose of TransIT-complexed porcine Epo mRNA elicited a statistically significant and meaningful physiological response in pigs with a body weight of about 20 kg (**Supplementary Figure S8**). Other crucial parameters of the formulation are certainly a minimization of side effects, which is particularly important in scenarios where long-term treatment is required, as well as the convenience of the administration route. Collectively, there is now profound evidence that mRNA, not least sequence-engineered but otherwise unmodified mRNA, can revolutionize protein therapy. Thus, the approach currently awaits its first clinical proof of principle.

Materials and Methods
=====================

***mRNA sequence engineering.*** The codons of the open reading frame are adapted in order to improve translation and half-life of the mRNA. To this end, only the most GC-rich codons were used for each amino acid. To provide the optimized open reading frame sequence with an optimal combination of untranslated sequences, it is subjected to a screening process applying preselected sequences. For this preselection of efficacious regulatory sequences, various biological sources were screened for potent enhancer and stabilizer elements. Unless otherwise stated, the sequence-engineered mRNAs harbored a cap, an optimized open reading frame, a 5\'-UTR from HSD17B4 (hydroxysteroid (17-β) dehydrogenase 4), a 3\'-UTR from ALB (albumin), a polyA, and a histone stem loop. Detailed sequence information on those engineered mRNAs is given in the **Supplementary Material**. Further sequence information is available on request.

***mRNA synthesis.*** In brief, linearized plasmid harboring the sequence of interest downstream of a T7 promoter was transcribed using T7 RNA polymerase (Thermo Scientific, Braunschweig, Germany). For capping of the RNA, m7G capping and 2\'-O-methyltransferase kits (CellScript, Madison, WI) were used. 100% replacement was used for mRNAs that harbored chemically-modified nucleosides. All mRNAs lacking modified nucleosides (sequence-engineered or not) as well as all nucleoside-modified mRNAs were purified according to the same protocol by reversed-phase chromatography using a PLRP-S stationary phase and an acetonitrile gradient in a triethylammonium acetate buffer. A detailed protocol has been described elsewhere.^[@bib38]^

***mRNA formulation for* in vivo *application.*** For intraperitoneal administration, mRNAs were formulated with TransIT-mRNA (Mirus Bio, Madison, WI) according to a recently described protocol.^[@bib27]^ Intravenous administration of mRNA to macaques or pigs was conducted using mRNA encapsulated in LNPs prepared at Acuitas Therapeutics (Vancouver, Canada). The Acuitas mRNA delivery platform has been developed from technology shown previously to enable siRNA-dependent hepatic gene silencing across species in rodents, nonhuman primates and humans.^[@bib28],[@bib43],[@bib44]^ LNPs are prepared using a self-assembly process in which an aqueous solution of mRNA at pH 4.0 is rapidly mixed with a solution of lipids dissolved in ethanol.^[@bib43]^ LNPs used in this study are similar in composition to those described previously, which contain an ionizable cationic lipid/phosphatidylcholine/cholesterol/PEG-lipid (50:10:38.5:1.5 mol/mol), encapsulated RNA-to-total lipid ratio of \~0.05 (wt/wt) and a diameter of \~80 nm.^[@bib28],[@bib43]^ At blood pH, LNPs exhibit a net neutral surface charge but become positively charged in acidified endosomes following ApoE-mediated endocytosis by hepatocytes *in vivo*, resulting in endosome disruption and release of mRNA into the cytoplasm.^[@bib28],[@bib41],[@bib45]^ Acuitas will make the LNPs available on request.

***Cell transfection.*** For *in vitro* transfection of HeLa cells, mRNAs were complexed with Lipofectamine 2000 (Life Technologies, Darmstadt, Germany). In brief, cells were seeded into 96-well plates (10^4^ cells/well) 1 day before transfection. On the next day, mRNA was complexed according to the manufacturer\'s instruction using 1.5 μl transfection reagent per μg of mRNA. Lipofection was conducted in Opti-MEM in the absence of serum for 90 minutes. Afterwards, medium was replaced by serum-complemented Roswell Park Memorial Institute 1640 medium.

***Luciferase measurement.*** Cells transfected with mRNA encoding Photinus pyralis luciferase (PpLuc) were lysed 24 hours after transfection. To this end, the medium was removed, cells were covered with Passive Lysis Buffer (Promega, Mannheim, Germany), incubated for 15 minutes at RT, frozen at −80 °C and thawed. To determine luciferase expression, 20 μl lysate were analyzed in a Hidex Chameleon plate reader using Beetle-Juice (PJK GmbH, Kleinblittersdorf, Germany).

***Animal experiments.*** All experiments were approved by the responsible authorities (Regional Council Tuebingen) and carried out in accordance with national laws. BALB/c female mice 7--9 weeks of age were purchased from Janvier Labs (Le Genest-Saint-Isle, France). For intraperitoneal injections, TransIT-formulated mRNA encoding murine EPO was administered in a total volume of 100 μl. Cynomolgus monkeys (2.5--2.8 kg) were housed and experiments were performed at Huntingdon Life Science (Huntingdon, UK). Animals received a single dose of LNP-formulated mRNA (100 μg) encoding EPO from Macaca fascicularis in phosphate buffered saline pH 7.4. The total volume for intravenous injections was 2 ml. Hungarian large white, domestic pigs (female, approximately 20 kg) were housed and experiments were conducted at ATRC Aurigon Toxi-Coop Research Center (Dunakeszi, Hungary). For intraperitoneal injection, 360 μg of TransIT-formulated mRNA encoding porcine EPO was administered in a total volume of 25 ml. Animals received two injections on consecutive days. For intravenous administration, pigs received 1.3 mg of porcine Epo mRNA formulated with LNPs in phosphate-buffered saline pH 7.4. The total volume per animal was 26 ml.

***Quantification of EPO levels.*** Upon transfection of HeLa cells with mRNA coding for murine EPO, mouse EPO levels in the culture medium were measured 24 hours later using a mouse EPO ELISA kit (R&D Systems, Wiesbaden, Germany). This kit was also used to determine EPO levels in the plasma of treated mice. For plasma preparation, a few microliters of blood were collected, heparinized, and centrifuged. For pigs, blood samples were collected into serum vials, kept at room temperature for at least 20 minutes, and centrifuged. Porcine EPO levels in the supernatant were measured using a mouse EPO ELISA kit (R&D Systems) with cross reactivity to pig EPO and recombinant pig EPO protein (Cusabio, Wuhan, China) as standard. Serum of cynomolgus monkeys was analyzed with a human EPO ELISA kit (R&D Systems) that cross reacts with macaque EPO.

***Determination of reticulocyte counts.*** For mice, a small volume of blood was drawn from animals, mixed with an appropriate amount of heparin, and analyzed using Retic-COUNT (BD Biosciences, Heidelberg, Germany) according to the manufacturer\'s instructions. Stained cells were analyzed on a FACS Canto (BD Biosciences). Reticulocyte levels are given as percentage of total red blood cells. For pigs, blood was drawn from the cranial vein and collected into ethylenediaminetetraacetate (EDTA)-coated vials. Reticulocytes were measured using a Sysmex XT-2000iV automated hematology analyzer at Aurigon. Reticulocyte levels are given as percentage of total red blood cells. For cynomolgus monkeys, blood was collected from a suitable vein, EDTA was added as anticoagulant, and reticulocytes were counted with an Advia 120 hematology system at Huntingdon.

***Determination of the hematocrit.*** For mice, the volume ratio of blood cells was determined using hematocrit capillaries (KABE Labortechnik, Nümbrecht-Elsenroth, Germany). In brief, capillaries were filled with heparinized blood, sealed on one end with wax (Hirschmann Laborgeräte, Eberstadt, Germany), centrifuged, and analyzed according to the manufacturer\'s instructions. For pigs and macaques, hematocrits were determined with a Sysmex XT-2000iV and Advia 120 hematology analyzer, respectively.

***Measurement of cytokine secretion.*** Mice received six injections of TransIT-complexed mRNA or control solutions within 3 weeks. Six hours after the first and last treatment, blood was collected, heparinized, and plasma preparations were analyzed for various cytokines. TNF-α, IL-6, and IFN-γ were measured by Cytometric Bead Array analysis (BD Biosciences).

***Detection of EPO-specific antibody responses.*** The induction of EPO-specific antibodies in response to repeated treatments with Epo mRNA was analyzed by enzyme-linked immunosorbent assay (ELISA). To this end, plates were coated with mouse EPO protein and incubated with plasma from mice 4 weeks after they received six injections of mRNA or control solution within 3 weeks. As positive control, a rat anti-mouse EPO antibody (R&D Systems) was applied in the ELISA. EPO-specific antibodies were detected with goat anti-mouse and anti-rat IgG antisera labelled with peroxidase. The ELISA allowed detection of a concentration of anti-EPO antibody as low as about 100 pg/ml.

***Histological spleen analysis.*** Spleens of euthanized mice were embedded in paraffin and sections subjected to hematoxylin and eosin staining as well as to immunohistochemical analyses according to standard protocols by the Mouse Facility at the Institute of Pathology (Tübingen, Germany).

[**SUPPLEMENTARY MATERIAL**](#sup1){ref-type="supplementary-material"} **Figure S1.** mRNA sequence-engineering improves protein expression in vitro. **Figure S2.** mRNA sequence-engineering improves protein expression in vivo. **Figure S3.** Repeated transfections of primary cells with mRNA do not require chemical modifications. **Figure S4.** TransIT-complexed Epo-mRNA induces massive erythropoiesis in the spleen without causing histological or immunological disturbances. **Figure S5.** Desensitization by high and/or frequent EPO expression transiently reduces the physiological response to the hormone. **Figure S6.** LNP-encapsulated engineered, unmodified Epo mRNA does not show inappropriate stimulation of the innate immune system. **Figure S7.** Incorporation of pseudouridine shows negative interference with functional RNA elements. **Figure S8.** TransIT-complexed engineered Epo mRNA can elicit systemic physiological responses in swine.
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![**Sequence-engineered mRNA yields high protein expression *in vitro***. (**a**) Engineered, unmodified luciferase mRNA outperforms its nucleoside-modified counterparts. HeLa cells were lipofected in triplicate with the indicated amounts of a luciferase-encoding mRNA that was either unmodified or harbored the given nucleoside modifications. Luciferase expression was quantified 24 hours after transfection. (**b**) Engineered but unmodified mouse Epo mRNA is superior to nucleoside-modified variants. HeLa cells were lipofected in triplicate with different amounts of an erythropoietin-encoding mRNA that was either unmodified or modified by incorporation of the indicated nucleosides. Erythropoietin levels in the supernatant were quantified 24 hours after transfection. (**c**) Pseudouridine incorporation improves the expression of an unmodified basic luciferase mRNA. HeLa cells were transfected in triplicate with different amounts of a basic luciferase-encoding mRNA either being unmodified or harboring pseudouridine instead of the unmodified nucleotide. Protein expression was quantified 24 hours after transfection. unmod, engineered mRNA harboring the nucleotides A, U, G, and C; ψ, engineered mRNA in which pseudouridine replaces U; ψ+5mC, engineered mRNA in which U and C are replaced by pseudouridine and 5-methly-cytosine, respectively; basic, mRNA comprising a cap, a codon-optimized open reading frame, an α-globin 3\'-UTR as well as a polyA.](mt2015103f1){#fig1}

![**Sequence engineering of mRNA enables high level protein expression *in vivo***. (**a**) Engineered, unmodified mouse Epo mRNA yields higher protein levels in mice than the corresponding pseudouridine modified sequence. 1 μg of either unmodified or pseudouridine modified mRNA encoding erythropoietin was complexed with TransIT and intraperitoneally injected into mice. Serum erythropoietin (EPO) levels were determined at different times (1, 2, or 3 days) after administration. (**b**) Low nanogram doses of engineered, unmodified mouse Epo mRNA give rise to substantial protein levels in murine serum. The indicated amounts of TransIT-complexed unmodified Epo mRNA were administered intraperitoneally. As a control, 100 U of recombinant human EPO protein (hEPO) were given i.p. Serum EPO levels were determined 24 hours after treatment. unmod, engineered mRNA harboring the nucleotides A, U, G, and C; ψ, engineered mRNA in which pseudouridine replaces U. *n* = 4 for all groups.](mt2015103f2){#fig2}

![**Sequence engineered Epo mRNA elicits physiological effects in mice**. (**a**) Sequence-engineered mouse Epo mRNA elicits strong reticulocyte responses in mice. Mice were intraperitoneally injected with either TransIT-complexed mRNA (1 μg) or recombinant erythropoietin (EPO) protein (hEPO: 100 U, mEPO: 800 ng). mRNA was either unmodified or harbored pseudouridine. The level of reticulocytes was determined 4 days after treatment. (**b**) Low nanogram doses of engineered but unmodified mouse Epo mRNA elicit substantial reticulocyte responses in mice. The indicated doses of TransIT-complexed Epo mRNA or 100 U of hEPO were intraperitoneally administered to mice. Reticulocytes were quantified 4 days after injection. (**c**) Sequence-engineered mouse Epo mRNA substantially increases the hematocrit in mice. Mice were treated with either TransIT-complexed mRNA (1 μg) or recombinant EPO protein (hEPO: 100 U, mEPO: 800 ng) on day 0 and 14. The hematocrit was measured on day 18. mRNA was either unmodified or harbored pseudouridine. unmod, engineered mRNA harboring the nucleotides A, U, G, and C; ψ, engineered mRNA in which pseudouridine replaces U; hEPO, recombinant human Epo protein; mEPO, recombinant murine Epo protein. *n* = 4 for all groups.](mt2015103f3){#fig3}

![**Repeated treatments with engineered, unmodified Epo mRNA do not affect the immune status of mice inappropriately**. (**a**) A single intraperitoneal injection of engineered, unmodified mouse Epo mRNA does not cause any substantial cytokine secretion. Mice were treated with different amounts of TransIT-complexed mouse Epo mRNA, vehicle only, or injection buffer. Six hours after injection, blood was collected and analyzed for the levels of various cytokines. As a positive control (pos. ctrl), mice were injected with an immunostimulatory RNA solution intramuscularly. (**b**) Repeated intraperitoneal injections of engineered but unmodified mouse Epo mRNA does not lead to any substantial cytokine secretion. Mice were treated twice a week for 3 weeks with different amounts of TransIT-complexed mRNA, vehicle only, or an injection buffer. Six hours after the last injection, blood was collected and analyzed for the levels of various cytokines. As a positive control, animals received a single dose of an immunostimulatory RNA solution intramuscularly. (**c**) Repeated intraperitoneal injections of engineered but unmodified mouse Epo mRNA did not induce an erythropoietin (EPO)-specific antibody response. Mice were treated twice a week for 3 weeks with different amounts of TransIT-complexed mRNA or vehicle only. Four weeks after the last administration, blood was collected and analyzed for the presence of EPO-specific antibodies. For comparison, an anti-EPO-antibody from rat was used as positive control. *n* = 5 for pos. ctrl for cytokine measurements, *n* = 4 for all other groups.](mt2015103f4){#fig4}

![**Engineered, unmodified Epo mRNA allows long-term/continued treatment of mice**. (**a**) Protein yield from intraperitoneally administered mouse Epo mRNA is not affected by repeated treatments. Mice were repeatedly injected with 1 μg of either unmodified or pseudouridine-modified mRNA as well as 0.1 μg of unmodified mRNA at an interval of 2 weeks. Plasma erythropoietin (EPO) levels were determined 24 hours after each treatment. (**b**) Intraperitoneally injected mouse Epo mRNA increases reticulocyte counts even after multiple dosing. Mice received multiple doses of TransIT-complexed mRNA (1 μg, either unmodified or pseudouridine-modified) or mEPO (0.8 μg) at a biweekly interval starting on day 0 and were analyzed for reticulocytes 4 days after treatments. (**c**) Repeated intraperitoneal injections of Epo mRNA elicit a strong and sustained increase of the hematocrit. Mice received multiple doses of TransIT-complexed mRNA (1 μg, either unmodified or pseudouridine-modified) or mEPO (0.8 μg) at a biweekly interval starting on day 0 and were analyzed for the hematocrit at various times. *n* = 4 for all groups.](mt2015103f5){#fig5}

![**Engineered, unmodified Epo mRNA can elicit systemic physiological responses in swine and nonhuman primates**. (**a**) Intravenous mRNA injection into pigs gives rise to high serum erythropoietin (EPO) levels as well as to substantial physiological effects. Animals received 1.3 mg of lipid nanoparticle (LNP) encapsulated porcine Epo mRNA (0.065 mg/kg) on day 0 and were analyzed for EPO levels and hematological parameters at various times. Protein levels before treatment were below the limit of detection of the assay. (**b**) Intravenous mRNA injection into macaques increases EPO levels, reticulocyte numbers as well as the hematocrit. Animals received 100 μg of LNP encapsulated M. fascicularis Epo mRNA (0.037 mg/kg) and were analyzed for EPO levels and hematological parameters before and at various times after treatment. Distinct symbols are assigned to individual animals. Pre, prevalue before treatment, *n* = 3 for pig experiment, *n* = 4 for macaque study.](mt2015103f6){#fig6}
